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INTRODUCTION 

 

The global food production system is increasingly 

threatened by climate change, land degradation, and 

genetic erosion, which together undermine crop 

productivity and sustainability. The widespread reliance 

on genetically uniform crop varieties has increased ag-

riculture's exposure to climate extremes and emerging 

diseases. In this context, wild relatives of domesticated 

crops harbor genetic traits valuable for breeding cli-

mate-resilient varieties, though they remain largely un-

derexploited (Maxted et al., 2012; Hajjar and Hodgkin, 

2007). 

Among the most economically significant plant genera, 

Brassica encompasses oilseed crops such as Brassica 

napus (rapeseed) and Brassica juncea (Indian mus-
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tard), as well as vegetables such as Brassica oleracea 

(cabbage, cauliflower, and broccoli). Brassica crops 

occupy more than 70 million hectares worldwide, rank-

ing second among major oilseed species after soy-

beans (Zhang et al., 2017). Although these crops are of 

significant agronomic importance, intensive selective 

breeding has reduced their genetic diversity, making 

them particularly vulnerable to environmental stresses 

such as drought, salinity, extreme temperatures, and 

various diseases (Snowdon et al., 2007; Barbetti et al., 

2014). 

Because wild Brassica populations evolved in diverse 

and often harsh environments, they exhibit adaptive 

features—such as tolerance to drought, salinity, and 

pests— that are absent from cultivated types (Warwick 

et al., 2006; Rakow, 2004). However, many of these 

wild taxa are threatened by habitat loss, climate varia-

bility, and agricultural expansion, necessitating urgent 

conservation action (IUCN, 2023). Strategies for their 

protection must therefore integrate both ex situ conser-

vation methods and cutting-edge genomic tools to ena-

ble effective characterization and utilization (Pence, 

2013; Khoury et al., 2014). 

Micropropagation is an efficient and reliable ex situ 

technique for large-scale propagation of rare and 

threatened plant species. Protocols tailored to wild 

Brassica species have been limited, with most studies 

focusing on cultivated forms. Efficient tissue culture 

systems are critical not only for conservation but also 

for facilitating reintroduction into native habitats, particu-

larly when coupled with genomic data for site- and trait-

specific selection (George et al., 2008; Debnath, 2020). 

Molecular markers—including inter simple sequence 

repeats (ISSR), start codon targeted (SCoT) polymor-

phisms, and DNA barcoding based on chloroplast 

genes such as matK, rbcL, and cox2—have proven to 

be effective tools for evaluating genetic variability, iden-

tifying species, and analyzing population structure with-

in wild germplasm (Kress and Erickson, 2007; Collard 

and Mackill, 2009). These tools are especially valuable 

for designing reintroduction strategies that maintain 

evolutionary integrity and adaptive potential (Heywood, 

2017). 

The present study addresses these challenges and 

opportunities through a unified approach that incorpo-

rates field surveys, optimized in vitro propagation, and 

molecular characterization of wild Brassica species. 

Although substantial progress has been made in micro-

propagation protocols for cultivated Brassica species, 

similar efforts for wild taxa remain underexplored. Fur-

thermore, conservation strategies often lack molecular 

validation, which is crucial for species authentication, 

genetic diversity assessment, and population manage-

ment. Recent studies have emphasised the role of opti-

mised tissue culture protocols in rescuing endangered 

Brassica species through finely tuned hormonal re-

gimes, achieving high regeneration success (Chhikara 

et al., 2025). Additionally, comprehensive molecular 

characterization using SSR and AFLP markers has 

proven effective in distinguishing wild species such as 

B. insularis and B. tournefortii, revealing eco-

geographic divergence and genetic resilience 

(Chhikara et al., 2024). However, these efforts typically 

focused on either micropropagation or molecular diag-

nostics in isolation. The present study bridges this gap 

by integrating in vitro propagation with multi-marker 

molecular diagnostics, including ISSR, SCoT, and DNA 

barcoding (matK, rbcL, and cox2), selected for their 

reproducibility, species resolution capacity, and cost-

effectiveness, thereby offering a unified conservation 

framework for safeguarding and utilizing wild Brassica 

germplasm in the context of climate-resilient agricul-

ture. To the best of our knowledge, this is one of the 

first attempts to apply a combined biotechnological and 

molecular approach to the conservation of wild Brassi-

ca germplasm in the context of climate-resilient agricul-

ture. The primary objectives were: (1) to develop effi-

cient tissue culture protocols for rare Brassica species, 

(2) to assess their genetic diversity using robust molec-

ular markers, and (3) to evaluate survival and phenolo-

gy of micropropagated plantlets under natural habitat 

conditions. The ultimate goal was to contribute to cli-

mate-resilient agriculture by conserving and harnessing 

the adaptive potential of wild germplasm. This effort 

also aligns with India’s National Biodiversity Action Plan 

and international frameworks, such as the Nagoya Pro-

tocol, which highlight the importance of conserving and 

sustainably utilising genetic resources, particularly wild 

taxa that possess valuable agronomic traits. 

 

MATERIALS AND METHODS 

 

Plant material collection and site survey 

Field expeditions were conducted during the 2022–

2023 growing seasons across ecologically diverse 

zones in northwestern India, specifically targeting arid 

and semi-arid habitats in Rajasthan (Jaisalmer, 

Barmer, and Bikaner districts) and saline depressions 

in Haryana and Gujarat. Wild Brassica and allied Bras-

sicaceae species were identified based on morphologi-

cal traits and floristic records. GPS-based geotagging 

was used to record precise collection coordinates for 

each accession using Garmin eTrex 32x handheld 

units. Ten wild species, including Brassica tournefortii, 

Brassica insularis, Farsetia macrantha, and Draba al-

taica, were collected and assessed. 

 

In vitro culture and micropropagation protocols 

Explant preparation and sterilization 

Seeds and leaf tissues were utilized as explants for 

culture initiation. Seeds were surface-sterilized using 

70% ethanol (30s) and subsequently treated with 0.1% 
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HgCl₂ for approximately 5 min, following the procedure 

of George et al. (2008). Afterward, seeds were thor-

oughly washed with sterile distilled water to remove any 

residual disinfectant (George et al., 2008). Leaf seg-

ments were sterilized with 0.2% sodium hypochlorite for 

5 minutes, followed by several rinses with sterile water 

to ensure complete removal of the sterilizing agent. 

 

Culture media and hormonal combinations 

All cultures were maintained on MS basal medium 

(Murashige and Skoog, 1962) supplemented with 3% 

sucrose and 0.8% agar. Various combinations of cyto-

kinins and auxins were tested to optimize shoot regen-

eration. The most effective medium for B. tournefortii 

contained 2.0 mg L⁻¹ 6-benzylaminopurine (BAP) and 

0.5 mg L⁻¹ α-naphthaleneacetic acid (NAA), yielding an 

average shoot regeneration frequency of 81.2%. Cul-

ture conditions were 25 ± 2 °C, under a 16 h light/8 h 

dark regime at a light intensity of ~40 µmol m⁻² s⁻¹ and 

a relative humidity of approximately 60%. Following 

shoot elongation, rooting was induced on half-strength 

MS medium fortified with 1.0 mg L⁻¹ indole-3-butyric 

acid (IBA) (Cardoza and D’Souza, 2002). The regener-

ation efficiency increased gradually with rising concen-

trations of BAP and NAA, reaching a peak at treatment 

T4 (2.0 mg L⁻¹ BAP + 0.5 mg L⁻¹ NAA) with 81.2% 

shoot regeneration. 

 

Acclimatization and reintroduction 

Rooted plantlets were first hardened in polyhouse con-

ditions (28°C, 75% RH) for two weeks using a sterilized 

soil:sand:vermiculite mix (1:1:1). Thereafter, they were 

transplanted to arid and semi-arid field sites in 

Jaisalmer and Hanumangarh for ecological reintroduc-

tion. GPS tracking and periodic survival checks were 

conducted for up to 12 months post-transplant. Data 

were recorded on survival rate, phenology, flowering, 

and seed setting. 

 

Genomic DNA extraction and molecular marker 

analysis 

DNA isolation and quality assessment 

Genomic DNA was isolated from young leaf tissues of 

all ten wild accessions using a modified CTAB protocol 

to effectively eliminate polysaccharides and phenolic 

compounds (Doyle and Doyle, 1990). The concentra-

tion and purity of the extracted DNA were assessed 

using a NanoDrop spectrophotometer (Thermo Scien-

tific), while DNA integrity was confirmed via electropho-

resis on a 0.8% agarose gel. 

 

DNA barcoding 

Polymerase chain reaction (PCR) was employed to 

amplify three chloroplast gene regions—matK, rbcL, 

and cox2—using gene-specific primers as described by 

Kress and Erickson (2007). PCR protocols were opti-

mized individually for each primer set. The resulting 

amplicons were separated on 1.5% agarose gels for 

visualization and subsequently sequenced in both di-

rections using the Sanger method. Sequence align-

ment was performed using ClustalW, and species iden-

tification was validated by conducting BLAST searches 

against the NCBI and BOLD reference databases. 

 

ISSR and SCoT marker profiling 

A total of 8 ISSR and 6 SCoT primers were selected 

based on previous studies (Collard and Mackill, 2009). 

PCR was performed in 25 μL reactions containing 1× 

Taq buffer, 2.0 mM MgCl₂, 0.2 mM dNTPs, 10 pmol 

primer, 1 U Taq DNA polymerase, and 30 ng genomic 

DNA. The PCR thermal profile consisted of an initial 

denaturation step at 94°C for 5 minutes, followed by 35 

amplification cycles comprising denaturation at 94°C 

for 30 seconds, primer annealing at 50°C-60°C 

(depending on the primer set), and extension at 72°C 

for 1 minute. A final elongation step was carried out at 

72°C for 10 minutes. The amplified DNA fragments 

were resolved on 1.5% agarose gels, stained with eth-

idium bromide, and visualized using a Bio-Rad gel doc-

umentation system. Polymorphism percentages and 

genetic similarity coefficients were calculated using 

NTSYSpc, and UPGMA-based clustering was used to 

construct the dendrogram. 

 

Statistical analysis 

Micropropagation data were recorded as mean regen-

eration frequencies ± standard error (SE) based on 

three biological replicates (n = 3). One-way analysis of 

variance (ANOVA) was performed to evaluate differ-

ences among treatments, followed by Tukey’s HSD 

post hoc test at p < 0.05 using SPSS software (version 

24). The detailed ANOVA results are presented in Sup-

plementary Table S1. 

 

RESULTS 

 

 Shoot regeneration in Brassica tournefortii  

To enhance in vitro regeneration, five treatment combi-

nations (T₁–T₅) with varying concentrations of BAP 

and NAA were evaluated to assess their influence on 

shoot organogenesis in Brassica tournefortii. The re-

sults showed significant variation in regeneration re-

sponses depending on hormonal concentration, as 

summarized in Table 1. 

Similarly, the frequency of callus induction in Brassica 

insularis varied significantly across treatments contain-

ing different concentrations of 2,4-D (0.5–2.5 mg L⁻¹), 

as presented in Table 2.  

 

DISCUSSION 

 

The findings of the present study provide compelling 
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evidence that the combined application of in vitro prop-

agation, molecular tools, and ecological restoration 

provides an effective strategy for the conservation of 

threatened Brassica species. In particular, the stand-

ardized in vitro protocol for B. tournefortii—optimized 

using a combination of 2.0 mg L⁻¹ BAP and 0.5 mg L⁻¹ 

NAA—achieved significantly high shoot regeneration 

rates (81.2%), indicating a favorable cytokinin–auxin 

balance for axillary shoot proliferation. This aligns with 

earlier reports showing that BAP, in synergy with low 

concentrations of NAA, enhanced shoot regeneration in 

other Brassica species (Cardoza and D’Souza, 2002; 

Moyo et al., 2017). 

The decline in regeneration efficiency observed at high-

er hormonal concentrations (T5) highlights the physio-

logical sensitivity of explants to hormonal imbalance, 

which may lead to hyperhydricity or premature senes-

cence—common challenges in tissue culture systems 

(George et al., 2008). Similarly, the callus induction 

experiment in B. insularis revealed a concentration-

dependent response to 2,4-D, with 2.0 mg L⁻¹ being 

optimal (77.9%). Beyond this threshold, a decline in 

callus vigour and frequency was observed, likely at-

tributable to cellular toxicity or hormonal oversaturation, 

as previously reported in Arabidopsis and Sinapis alba 

(Ghasemi et al., 2014). 

The standardized tissue-culture methods established 

here enable scalable multiplication and preservation of 

wild Brassica germplasm, which has historically been 

neglected in mainstream breeding programs. Im-

portantly, the success of field reintroduction trials—

where 72% of B. tournefortii regenerants survived un-

der desert conditions—demonstrates the ecological 

viability of re-establishing these species in their native 

habitats. This ecological viability resonates with findings 

that species exhibit significant physiological plasticity 

under elevated CO₂ and thermal regimes, further vali-

dating their utility in climate-resilient cropping systems 

(Kharel et al., 2025). Similar rewilding efforts have been 

proposed for other crop wild relatives as a dual strategy 

for ecosystem restoration and pre-breeding support 

(Maxted et al., 2012; Redden et al., 2015). 

Molecular characterization using ISSR and SCoT mark-

ers revealed high interspecific polymorphism (89%), 

with dendrograms clustering species by ecogeograph-

ical origin. This aligns with recent genome-wide studies 

that have employed landscape genomics to map cli-

mate-associated genetic variants, enabling targeted 

conservation in species such as Rheum palmatum (Li 

et al., 2025). Such results highlight the underlying ge-

netic structure shaped by local adaptation, and validate 

the taxonomic identity of collected accessions—critical 

for both germplasm authentication and trait mining 

(Collard and Mackill, 2009). DNA barcoding using 

matK, rbcL, and cox2 loci further supported accurate 

species identification and will enable future traceability 

in gene banks and reintroduction programs. 

From a broader perspective, this study reinforces the 

strategic value of integrating biotechnological interven-

tions with conservation biology. The endangered wild 

Brassica species under study not only carry genes for 

abiotic stress tolerance (e.g., drought, salinity) but also 

possess unique phytochemical and morpho-

physiological traits absent in their cultivated counter-

parts (Warwick et al., 2006). Harnessing this diversity 

through in vitro conservation and molecular profiling 

can enrich breeding pipelines aimed at developing cli-

mate-resilient crops—an urgent necessity given in-

Treatment BAP (mg L⁻¹) NAA (mg L⁻¹) Shoot regeneration (%) 

T1 0.5 0.1 42.3 

T2 1.0 0.2 58.6 

T3 1.5 0.3 65.4 

T4 2.0 0.5 81.2 

T5 2.5 0.7 74.7 

Table 1. Shoot regeneration efficiencies in Brassica tournefortii under different concentrations of 6-benzylaminopurine 

(BAP) and α-naphthaleneacetic acid (NAA) 

Treatment 2,4-D (mg L⁻¹) Callus induction (%) 

C1 0.5 33.5 

C2 1.0 52.0 

C3 1.5 66.8 

C4 2.0 77.9 

C5 2.5 60.4 

Table 2. Callus induction frequencies in Brassica insularis at varying concentrations of 2,4-D 

Where: C1 = 0.5 mg L⁻¹ 2,4-D; C2= 1.0 mg L⁻¹ 2,4-D; C3 = 1.5 mg L⁻¹ 2,4-D; C4 = 2.0 mg L⁻¹ 2,4-D; C5 = 2.5 mg L⁻¹ 2,4-D  
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creasing climate volatility and food system instability 

(Khoury et al., 2014; Debnath, 2020). 

Moreover, the methodologies and frameworks devel-

oped here are broadly transferable to other endangered 

taxa within the Brassicaceae family and beyond. By 

adopting a conservation-through-use paradigm, this 

research not only preserves threatened genetic re-

sources but also positions them as active contributors 

to agricultural innovation and ecological resilience. 

 

Limitations and future directions 

While this study offers a robust integrative approach for 

conserving endangered Brassica species, some limita-

tions should be acknowledged. First, the sample size 

per species was relatively limited due to the scarcity 

and threatened status of wild populations, which may 

affect the generalizability of the micropropagation and 

genetic findings. Second, ecological reintroduction trials 

were confined to arid and semi-arid zones in northwest-

ern India; future validation across diverse agro-climatic 

regions is essential to assess wider adaptability. Addi-

tionally, the study did not incorporate transcriptomic or 

whole-genome sequencing, which could further eluci-

date the molecular basis of stress tolerance. Address-

ing these limitations in future work will strengthen the 

application of this conservation-through-use framework 

at broader geographic and genomic scales. 

 

Conclusion   

 

The findings highlight how integrative biotechnological 

tools can advance both conservation and sustainable 

use of endangered Brassica species. By successfully 

standardizing high-efficiency micropropagation proto-

cols and demonstrating ecologically viable reintroduc-

tion, we have laid the foundation for scalable conserva-

tion models. The strong shoot-regeneration response 

observed in B. tournefortii and the effective callus in-

duction in B. insularis highlight the reproducibility and 

species-specific adaptability of the optimised culture 

systems. Moreover, the incorporation of molecular di-

agnostics through DNA barcoding, ISSR, and SCoT 

markers has not only confirmed species identity but 

also revealed substantial genetic diversity among the 

collected accessions. This diversity, often shaped by 

ecological and geographical pressures, is a valuable 

asset for future breeding programs aimed at improving 

crop resilience to biotic and abiotic stresses. The ob-

served polymorphism and ecotype clustering strongly 

support the premise that these wild taxa can serve as 

vital gene reservoirs for agronomic traits currently un-

derrepresented in cultivated Brassica germplasm. 

Looking ahead, there is a pressing need to expand 

such integrated conservation frameworks across addi-

tional centers of Brassica diversity and other climate-

sensitive crop groups. Long-term ecological monitoring 

of reintroduced populations, combined with genome-

wide association studies (GWAS) and transcriptomic 

profiling, could further elucidate adaptive traits under 

natural selection. Additionally, developing cryopreser-

vation and synthetic seed technologies may enhance 

ex situ storage capacities and reduce the costs of large

-scale propagation. At a policy and community level, 

bridging conservation science with farmer-led participa-

tory breeding, seed banks, and climate-resilient agricul-

tural strategies will be essential. The conservation-

through-use approach adopted here not only protects 

biodiversity but actively engages it in strengthening 

food security under uncertain climatic futures. By pre-

serving these endangered species today, genetic tools 

can be secured for sustainable agriculture. 
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